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ABSTRACT
Methanol fuel cells are electrochemical conversion devices that produce electricity from
methanol fuel. The current process of fabricating membrane electrode assemblies
(MEAs) is tedious and if it is not sufficiently controlled can be very imprecise. The
optimization of this process is paramount to the commercialization and mass production
of methanol fuel cells.
In order to further understanding this process, MEAs were fabricated according to the
decal method using different processes to apply the catalyst ink. The performances of
fabricated MEAs were evaluated using a potentiostat. Polarization curves and power
density curves were produced to compare the performance of the cells and gain insight
into the effects of various parameters on fuel cell performance. Finally, based on the
difficulties experienced and the lessons learned during the process, recommendations for
future experimentation were made.
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1. INTRODUCTION
Direct methanol fuel cells (DMFCs) are electrochemical conversion devices that produce
electricity from methanol fuel. Fuel cells are slowly securing their place as a viable
option for energy conversion and storage devices for main stream uses due to their high
efficiency and low emissions. There are many types of fuel cells that utilize different
fuels and function under different conditions. Methanol as a fuel has a particularly high
energy density of approximately 22.7 MJ/kg [Bossel, 2003], an order of magnitude
higher than even the most highly compressed hydrogen. It can store a relatively large
amount of energy in a small space but due to slow reaction rates, they are best suited for
supplying low power over long periods of time. As such they are rapidly gaining pace as
a substitute for conventional batteries for use in 3G portable electronics devices which
have higher power requirements than conventional mobile devices.
1.1 The role of the Catalyst in DMFCs
The natural rate of the reaction described above is relatively slow. This affects the
dynamic response of the fuel cell and in the case of DMFCs its response is sluggish
compared to other battery technologies. The process can be expedited by the use of a
catalyst, which is usually platinum for the cathode and a platinum-ruthenium alloy for the
anode. The catalyst is an expensive component of the fuel cell, and so studying its
methods of application can help reduce the amount needed for a given cell's performance
and thus can greatly affect the overall cost of producing fuel cells. In a conventional cell,
the catalyst is applied to the proton exchange membrane (PEM). A material known as
Nafion 1170 (manufactured by DuPont) is typically used for the PEM. The method of
application of catalyst to this membrane will depend on several factors such as cost or
rate of throughput if being mass produced. Also, before the catalyst can be applied using
the method described in this paper (decal method), it must be mixed in a solution
(referred to in this volume as a catalyst ink). This ink may contain (but is not necessarily
limited to) the following ingredients: Nafion 2% solution, catalyst, water, isopropyl
alcohol, glycerol. This paper will investigate different methods of application and discuss
their relative merits in manufacturing membrane electrode assemblies (MEAs).
2. BACKGROUND
2.1 Direct Methanol Fuel Cells
Direct methanol fuel cells (DMFCs) are electrochemical energy conversion devices
involving the oxidation of methanol from which electrical energy is produced. A single
cell consists of typical electrochemical components and works in a similar way. Methanol
and water are passed over the anode in the presence of a catalyst. The methanol is
oxidized, releasing carbon dioxide, hydrogen ions and electrons. The anode reaction is
given by the chemical equation (1):
CH30H + H 20 -- CO2 + 6H + 6e- (1)
The electrons are passed through an electrical circuit to which circuit components or
entire electronic devices can be connected and powered. The hydrogen ions pass through
a semi-permeable proton exchange membrane and are oxidized at the cathode in the
presence of a catalyst, producing water. The corresponding cathode reaction can therefore
be written as:
3 02 + 6H + 6e- > 3H20
2
Combining chemical equations (1) and (2) yields the overall fuel cell reaction given in
equation (3):
CH3OH + 30 2 -+ CO2 + 2H 202
Figure 2-1 [Garcia, et. al.] illustrates the components of a methanol fuel cell and the
process by which electricity is generated.
co, co,CO - O
k/ "
HO
Anode:
Cathode:
Cathode
corrosion
reaction:
Overall:
(2)
(3)
H"
Membrane
PtRu Pt
anode cathode
CHPOH + H11,0 - CO, + 6H + 6e
-30 +6H' +& -+3HO
CHOH + HO-* CO, + 6H* +6W
- 0 +CH, OH, - CO. +2H 11O2+
Figure 2-1. A schematic of a direct methanol fuel cell. [Garcia et. al.]
2.2 The Potentiostat
The potentiostat is one of electrochemistry's foremost and most widely used pieces of
instrumentation in electroanalytical experiments. It is a collection of electronic
components used to control the potential of an electrolytic cell [Newman, et. al., 2004].
Its ingenuity comes from the use of a third electrode (known as the reference electrode).
The potential of the working electrode is measured and controlled via a feedback loop
with respect to the reference electrode. A basic schematic of a potentiostat is shown in
Figure 2-2 below.
c
Figure 2-2. The basic schematic of a potentiostat, where WE, CE and Ref correspond to the
working, counter and reference electrodes, respectively. Ei is the voltage of the input
source, CA is the current amplifier and Rm refers to a series of resistors across which the
potentiostat measures current.
This control is accomplished by adjusting the current at an auxiliary electrode (known as
the counter electrode) based on the variable resistance of the cell. With the driving
voltage set at some constant value, as the resistance of the cell varies, the potentiostat
supplies a current to counteract this change. At its simplest level, the potentiostat output
current, lo, can be found using Ohm's Law written symbolically as:
0 = E, (4)
Rcell
where Ei is the desired voltage to be kept constant and Rcen is the variable resistance of
the cell.
To illustrate the function of the potentiostat in more detail, the resistance of the
electrochemical cell and the current measuring resistor can be thought of as two separate
impedances, ZI and Z2. Figure 2-3 below shows the updated schematic of the potentiostat
with these impedances.
Figure 2-3. Schematic of a potentiostat with impedances ZJ and Z2 replacing the resistance
of the electrochemical cell and the current measuring resistor, Rm.
Impedance Z, includes the following three resistances in series: the current measuring
resistor, Rm, the impedance at the counter electrode interface and the resistance of the
solution between the counter and reference electrode. Impedance Z2 represents
impedance at the working electrode interface in series with the resistance of the solution
between the working and reference electrode.
The control amplifier (labeled in Figures 2-2 and 2-3 as CA) amplifies the potential
difference between the positive and negative input. To construct a robust potentiostat the
driving voltage or positive input is non-inverting (since it is fixed) and the reference
voltage or negative input is inverting (since it should be able to accommodate chemical
reactions occurring in both directions). The role of the control amplifier can be written
symbolically as:
Eou, = A(Ei - Er) (5)
where A is the amplification factor of the current amplifier. The internal resistance across
which E,r is being measured is very large and as such the current flowing through the
reference electrode is approximated as zero. Using Ohm's Law we can then write an
expression for the current flowing the cell as:
EoutIc = (6)
Z, + Z2
Doing the same for the lower loop in the circuit diagram we obtain the cell current in
terms of the reference voltage and Z2:
I c = (7)Z2
Equating equations (6) and (7) and rearranging yields the following expression for the
reference voltage:
Z2
r  Z EouZ = Eout  (8)
where p is the feedback factor and is defined as the faction of the control amplifier's
output voltage returned to its negative input. Combining equations (5) and (8) yields:
E r  fAEr- = - (9)
E, 1 +/A
This expression more clearly illustrates how the potentiostat works. If the amplification
factor, A, is very large relative to one, equation (9) reduces to:
E, F Er (10)
The approximate equality in equation (10) is what the potentiostat strives to do; to fix the
potential difference between the reference and working electrodes to that of the input
source voltage.
2.3 Operating Fuel Cell Principles
2.3.1 Open Circuit Voltage
In a fuel cell, the change in energy of the system is the difference between the energy
contained in the products and reactants. The energy assigned to the species involved in
the chemical reaction is known as the Gibb's free energy of formation. In an ideal fuel
cell, all of this chemical energy would be converted to electrical energy and the reaction
would be reversible. The open circuit voltage (OCV) is the theoretical maximum voltage
of a fuel cell operating reversibly. Symbolically it is defined as [Larminie, et. al., 2003]:
E = Ag (11)
6F
where - Ag, is the Gibb's free energy released and F is the Faraday constant. For a
DMFC, the Gibb's free energy released is -698.2 kJ/mol [Larminie, et. al., 2003] and six
electrons are released per mole of methanol oxidized. Substituting these values yields an
OCV of 1.21 V. Of course this is never realized in practice because of the numerous
irreversibilities inherent in the electrochemical conversion. These irreversibilites or losses
manifest themselves in an actual voltage that is lower than the OCV, known as the
overvoltage. There are four main categories of losses that result in this overvoltage which
will be discussed in the succeeding sections: activation losses, ohmic losses, losses due to
fuel crossover, and mass transport losses.
2.3.2 Activation Losses
As the name suggests, these are losses that arise from driving the chemical reaction at the
electrodes or "activating" the reaction. A portion of the voltage generated is lost in
transferring the electrons to or from the electrode. The losses experienced are very non-
linear and can be modeled according to the empirically derived Tafel equation:
A Vact = A In - (12)
io)
where A is a constant that, in the case of a direct methanol fuel cell, is given by:
RTA =RT (13)
6aF
The constant a is called the charge transfer coefficient and represents the proportion of
electrical energy produced that is required to change the rate of the electrochemical
reaction. Although the constant, A, varies with temperature, changing the temperature of
the cell does little in the way of reducing this overvoltage. The exchange current density,
io, is the variable that this overvoltage is most sensitive to. To give physical meaning to
this constant, consider the fuel cell operating in equilibrium. Even in this state there is a
chemical reaction taking place where the electrons are continuously flowing to and from
the electrolyte. The constant, io, is the current density of this continuous flow, and the
higher its value, the more active the electrodes are. So if the fuel cell is in its equilibrium
state and needs to respond to a change in load, it is simply shifting this reaction in one
direction to generate the necessary current instead of starting something new. Therefore,
the higher this constant the faster the fuel cell can respond and the lower this overvoltage
becomes. The great variation of overvoltage with exchange current density is indicative
of a high catalytic effect. Platinum can achieve some of the highest theoretical values for
io, on the order of 50mA/cm 2 [Bloom, 1981] and this value can be as many as five orders
of magnitude lower for the cathode [Appleby and Foulkes, 1993]. However, given the
roughness of electrodes, the actual values of the exchange current density can be
considerably higher than those above.
Given all the information above, the activation overvoltage can be reduced in several
ways. Raising the operating temperature of the cell can have a considerable effect on this
overvoltage (for example, in solid oxide fuel cells operating at 800'C, activation losses
are barely present). However within the bounds of low-temperature fuel cells, such as
DMFCs, this is not a very effective way to reduce overvoltage. A greater reduction in this
overvoltage is achieved by increasing catalyst utilization by using more effective catalyst
and increasing the roughness of electrodes. Activation losses can also be reduced by
increasing reactant concentration, for example using pure 02 instead of air.
2.3.3 Ohmic Losses
This voltage loss is related to the resistance to the flow of electrons through the
electrodes, electrolyte and various interconnections. This voltage drop is directly
proportional to current density and is given by the following relationship:
AVohm = i -r (14)
The area-specific resistance, r, is calculated by:
r =- (15)
The electrolyte Nafion has an average thickness of approximately 0.18mm and a
conductivity of approximately 0.09 S/cm. This gives an area-specific resistance of
0.2Q/cm for the Nafion pieces used in this DMFC [Tsampas, et. al., 2006].
2.3.4 Losses due to fuel crossover
This results from fuel crossing, unreacted, from the anode side through the electrolyte to
the cathode side. These losses are also associated with electrons crossing through the
electrolyte though to a lesser extent. In the case of DMFCs, Nafion is currently the best
choice for a PEM. Since the methanol is almost invariably mixed in solution with water
and Nafion is very easily hydrated, methanol tends to cross over to the cathode side
through the membrane. This blocks the reaction happening at the cathode and reduces the
open circuit voltage by at least 0.2V in low-temperature cells [Larminie, et. al., 2003].
2.3.5 Mass Transport Losses
As reactants are consumed at the electrodes, the local concentrations of the reactants vary
at the surface of the electrodes. This loss in concentration is due to a failure to transport
sufficient methanol and oxygen to the electrode surfaces as they are reacted and results in
a voltage drop. There is currently no satisfactory analytical model and the most widely
used empirical solution has been proposed by Kim et. al. According to this solution, the
voltage loss associated with mass transport is given by:
A Vra,,s = m exp(ni) (16)
Typical values for the constants m and n are 3 x 10-5 V and 8 x 10-3 cm 2 / mA, respectively.
2.3.6 Polarization Curves
One of the ways to assess the performance of a fuel cell is through the use of a
polarization curve. A polarization curve is a plot of a cell's voltage versus its current
density and can help to visualize all the abovementioned voltage drops over a range of
current densities. To generate a polarization curve, the various irreversibilites are
combined as follows resulting in the following equation for the fuel cell voltage in terms
of current density:
V = E.c - AVohm - AVac, - A Vtran (17a
V = E -ir - Aln +i + m- exp(ni) (17b
A typical polarization curve is shown in Figure 2-4 below:
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Figure 2-4. Typical polarization curve for a low-temperature fuel cell
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The voltage drops that result from the activation and mass transport losses are non-linear
while the voltage drop from ohmic losses is fairly linear.
3. EXPERIMENTAL DESIGN
3.1 Ink Application
The membrane electrode assemblies will be prepared by the decal method described by
Wilson and Gottesfeld [Wilson, et. al., 2002]. As mentioned Section 1.1, before the
catalyst ink is applied to the PEM it must be prepared in the form of a solution.
3.1.1 Decal Method-Paint Brush
A solution was prepared with the ingredients below according to the following ratios:
Table 3-1. Table showing the weight ratios of different ingredients in the catalyst ink
Ingredients Weight Ratios
Nafion 5% solution: Vulcan XC-72 (carbon black) 1:3
Vulcan XC-72: Water: Glycerol 1:5:20
The solution was mixed thoroughly using a glass stirrer and then ultrasound under heat
for approximately 20 minutes. At this intermediate stage in the procedure the ink must be
transferred onto a polytetrafluoroethylene (PTFE) (otherwise known as Teflon) cloth
before being applied to the PEM. Teflon is chosen as a medium because of its low
coefficient of friction which results in fairly good catalyst transfer to the PEM.
Conventionally, rigid squares of Teflon were used, but in this experiment we opted to use
Teflon cloth because of the relative ease and control one has when peeling it off of the
PEM after hot-pressing (to be discussed in Section 3.1.3). Blank Teflon cloths were
threaded through an aluminum backing to minimize wrinkling of the cloth and cracking
of the dried catalyst layers during fabrication (see Appendix A for more information). To
ensure maximum transfer, the Teflon cloth is also liberally coated with fluorocarbon
spray. Catalyst ink was then painted on the Teflon blank films on a pre-marked area of
5cm 2 centered on the film. Each layer was baked in a convection oven at 125C until dry.
The above process was repeated until the desired catalyst loading was achieved. Catalyst
inks were applied to two sets of electrodes using this method, one set having a high
catalyst loading and the other a low catalyst loading.
3.1.2 Decal Method-Screen Printing
The Figure 3-1 below describes the basic screen printing process:
Figure 3-1. The basic steps of screen printing.
This involved the use of a screen frame to which is attached a fine mesh. A stencil of the
image to be transferred, a 5cm2 square, was formed using screen filler, a non-permeable
material that does not allow ink to pass through. Once the stencil was formed, the mesh
was placed onto the Teflon blank as before. Ink was poured into the screen frame creating
an ink reservoir at the back of the screen. Using a rubber squeegee, a slight force was
applied to spread the ink across the back of the mesh and over the stencil. Next, the
squeegee was pulled across the mesh, forcing the ink through the stencil and onto the
Teflon cloth by capillary action through the mesh. The process is controlled since the
thickness of each layer of ink on the Teflon cloth will be roughly equal to the thickness of
the mesh.
3.1.3 Hot Pressing
Following the application of ink to the Teflon cloth, a hot press was used to transfer the
ink from the Teflon to the Nafion membrane. The anode and cathode attached to the
aluminum backings were placed on either side of the Nafion membrane. Next, two 2 in 2
blocks of copper, 0.25in thick, were placed on either side of the above assembly to ensure
accurate planarity and maximum catalyst transfer while being hot pressed [M. Sohn,
2006]. Copper was chosen because of its good thermal conductivity. For clarity, a
schematic of the above assembly is given in Figure 3-2 below:
Nafion 117
Anode/
Copper Cathode
block and Al
HOT PRESS Backing
Figure 3-2. Schematic of the MEA and the copper blocks in the hot press.
After preheating for two minutes, the assembly above was hot pressed at a pressure of 80
atmospheres (2600 pounds for a 2.25 in2 block of copper) at 125C for two minutes. The
assembly was removed from the press for cooling, after which the Teflon films were
peeled away to expose the catalyst coated membrane. Figure 3-3 below shows the steps
for the entire decal method:
Catalyst Ink Drying in Oven
Empty Decal Painting Process
Repeat PoElectrochem In .ss
Hotpressing Na'- form
MEA
Figure 3-3. Schematic showing the steps of the general decal method.
3.2 The Experimental Fuel Cell and its Components
Figure 3-4 below shows the graphite cathode current collector used in the fuel cell
manufactured Electrochem Inc.
Figure 3-4. Graphite cathode collector manufactured by Electrochem Inc.
The active area is approximately 5cm 2 and has a serpentine flow. The fuel cell is
assembled using plastic separators and gaskets to prevent shorting. An image of the
plastic separators in place is shown in Figure 3-5 below:
Figure 3-5. Plastic separators used to prevent shorting.
Figure 3-6 below shows the micropump used to supply methanol to the fuel cell.
Figure 3-6. Micropump used to supply methanol to the fuel cell
The flow rate of methanol is determined by adjusting the voltage and frequency across
the controller shown in Figure 3-7 below:
Figure 3-7. Micropump controller used to determine the flow rate of methanol
3.3 Experimental Potentiostat
The potentiostat used in the evaluation of the fuel cell functions exactly as described in
the background. A circuit diagram of its components is shown in Figure 3-8 below:
V
R1
R2Rc
R3
Vc ur
Figure 3-8. Circuit diagram of thepotentiostat used in the experiments.
A power supply with a +12V range is connected to the circuit via a National Instruments
data acquisition (DAQ) hardware with a 16-bit resolution. Resistor Rc2 represents the
impedance at the counter electrode interface and the resistance of the solution between
the counter and reference electrode. Resistor Rc 1 represents impedance at the working
electrode interface in series with the resistance of the solution between the working and
reference electrode. Resistor R1 and R2 were measured as 4.57n and 4.582,
respectively, and resistor R3 was carefully selected based on the estimated range of the
current the fuel cell can produce. To take full advantage of the resolution of the DAQ
hardware, the resistor, R3, was chosen such that the upper and lower bounds of the
current produced did not exceed the voltage limits of the power supply but at the same
time was sufficiently wide within this range to maximize the accuracy of these
measurements. Table 3-2 below shows the resistor values for R3 for each MEA and the
associated current range for a ± 12V power supply:
Table 3-2. Chosen resistor values for each MEA and the associated current range for a 12V
power supply
MEA Resistor Value (kf2) Current Range (mA)
Painted-low catalyst 99.2 0.1
Painted-high catalyst 0.98 +10
Screen-printed 99.2* ±0.1
*For the last voltage value of 0. 1 V the current railed against the limits and the range had
to be widened to + 0.459mA by selecting a lower value resistor of 21.5 kW.
It should be noted that the ranges were calculated for a voltage range of + 1OV instead of
the theoretical range of the +12V power supply. It was observed that this is
approximately where the limits of the current lie since a portion of the power supply
voltage is needed to drive the op-amp circuitry.
3.4 Test Setup
When all the components in Section 3.2 are assembled, it forms an operational fuel cell.
The entire fuel cell assembly with its auxiliary components is shown in Figure 3-9 below:
Figure 3-9. Fuel cell test setup
A IM methanol solution was supplied to the anode of the fuel cell at a flow rate of 1.5
ml/min, which corresponds to a voltage and frequency setting on the microcontroller of
150V and 60Hz, respectively. Oxygen was supplied to the cathode through a 0.25" ID
tube at a flow rate of 100mm/s. The cathode terminal was connected to the working
electrode of the potentiostat and the anode terminal was connected to the reference and
counter electrode. Figure 3-10 below shows the potentiostat circuit, the power supply and
the electrodes to which the fuel cell was connected:
Figure 3-10. Potentiostat circuit and power supply.
4. EXPERIMENTAL RESULTS AND DISCUSSION
4.1 Fabrication Time
This first section of the experimental results reports the fabrication times associated with
the various methods described above and highlights any differences. These differences
are primarily associated with the measured time each layer applied to the Teflon blanks
took to dry in the oven. Table 4-1 below summarizes the time taken for each layer to
completely dry for each electrode using the paint brush decal method.
Table 4-1. Table shows the fabrication time by layer for the paint brush decal method.
Time to dry (min)
Layer Anode Cathode
1 75 75
2 53 78
3 65 68
4 84 76
5 75 69
Average Time 70.4 73.2
Standard Dev. 11.8 4.4
Total time 352 366
The anode ink contains 4 0% Pt:Ru
on Vulcan XC-72 (carbon black).
and the cathode ink contains 40% Pt, both supported
As shown in the table above, there was no consistent difference between the times taken
for a layer of cathode ink versus anode ink to dry. Also, the times above strictly
correspond to the time each sample was placed in the oven. These results do not take into
account the time taken applying the ink to each electrode or mixing the inks.
Table 4-2 below summarizes the fabrication time for electrodes made from the same
method of application and ink as those in Table 4-1 but with ten layers instead of five.
Table 4-2. Table shows the fabrication time by layer for the paint brush decal method.
Time to dry (min)
Layer Electrode
1 51
2 50
3 51
4 28
5 67
6 54
7 48
8 42
9 31
10 58
Average Time 48
Standard Dev. 11.8
Total Time 480
The anode ink contains 40% Pt:Ru and the cathode ink contains 40% Pt, both supported
on Vulcan XC-72 (carbon black). Each catalyst layer for both the anode and cathode
were baked for the same amount of time.
Table 4-3 below summarizes the time taken to bake each layer using the screen printing
decal method.
Table 4-3. Table shows the fabrication time by layer for the screen printing decal method.
Time to dry (min)
Layer Anode Cathode
1 70 110
2 65 155
3 69 132
4 78 120
5 80* 197
Average Time 72.4 142.8
Standard Dev. 6.3 34.6
Total Time 362 714
The anode ink contains 40% Pt:Ru and the cathode ink contains 40% Pt, both supported
on Vulcan XC-72 (carbon black). *Layer (5) was baked for 50 minutes, removed from the
oven and then baked again for another 30 minutes.
The most obvious observation about the screen printed electrodes is the large difference
in fabrication times for the anode and the cathode. Both the average time per layer and
total time for the cathode side are almost double that of the anode side. This may have
been due to several factors related to the differences in ink composition. For example, the
exact masses of the ingredients used for the two mixtures are shown in the Table 4-4
below.
Table 4-4. Table shows the masses of the various ingredients in the anode and cathode catalyst
ink solutions.
Ingredient Mass in Cathode Ink (mg) Mass in Anode Ink (mg)
Nafion 2% Solution 31 30
Catalyst* 87 103
Isopropyl Alcohol 604 602
Glycerol 2414 2467
*In the case of the anode, the catalyst is 40% Pt:Ru on Vulcan XC-72 while the catalyst
on the cathode is 40% Pt on Vulcan XC-72.
A quick calculation yields that the mass percentage of catalyst is 3.2% in the anode ink
and 2.8% in the cathode ink. Though it is a seemingly small difference, bear in mind that
the catalyst ink represents a very small percentage of the mass of the ink. There is 14.3%
more catalyst per unit mass in the anode solution than there is in that of the cathode. The
presence of more solvents in the cathode ink may have increased the bake time. More
exposure would be needed to fully evaporate the solvents in the cathode ink compared to
that of the anode. Since there is assumed to be little variation in the experimental
technique of screen printing, it is reasonable to infere that this difference in mass
percentage could have caused the difference in fabrication time for the electrodes. And
since the bake time was approximately double that of the anode (while the difference in
catalyst was 14.3%), we can also reasonably say that the method of screen printing
catalyst inks is sensitive to catalyst ink composition.
4.2 Catalyst Loading
In this section, the catalyst loading on each electrode is estimated. An investigation of
solvent evaporation from baking is also done to gain insight into the actual mass of
catalyst transferred versus catalyst in solution.
The fluorocarbon-coated Teflon cloths together with the Aluminum backings were
weighed before any catalyst ink was applied. After the first layer of ink was applied the
assemblies were weighed again. Next, these assemblies were placed in the oven and
again weighed upon removal from the oven after the ink was presumed to be dry. Using
this data there are several ways by which the catalyst loading on each electrode can be
estimated:
i. The initial mass of the assembly prior to any ink application can be subtracted
from the final mass of the assembly after all the catalyst layers have been
applied and are sufficiently dry.
ii. The mass of each layer of "wet" ink can me multiplied by the known mass
percentage of catalyst in solution.
Since the mass of catalyst was small relative to the mass of the entire assembly
(aluminum backing, Teflon cloth, etc.), the final and initial masses of the assemblies were
very close in value. Furthermore, the final masses of some assemblies were less than the
initial values indicating that the assemblies were possibly losing mass via some means
other than solvents in the catalyst ink evaporating. However, it was more likely that there
was some combination of experimenter and instrumental error. For example, the scale is
sensitive enough that minor fluctuations of air currents in the room alter its reading which
could have been responsible for these errors on the order of milligrams. Because of these
reasons the second method (ii) above for estimating catalyst loading will be employed.
The mass percentages of catalyst in the anode and cathode inks are 3.22% and 2.77%,
respectively. Applying these percentages to the measured masses of "wet" ink in each
layer yielded the following values shown in Table 4-5 for catalyst loading before hot
pressing:
Table 4-5. Estimated anode and cathode catalyst loading for electrodes constructed from
different methods
Catalyst Loading (mg/cm 2)
Anode Cathode
Painted-Low Loading 0.300 0.378
Painted-High Loading 3.157 2.086
Screen Printed 1.428 0.984
There are a few things to note about these values. First, these masses do not necessarily
indicate the amount of catalyst on the active area of the electrodes. Since neither method
of fabrication was particularly controlled, the actual mass of catalyst that the fuel can
access while running the fuel cell could be less than these values. This would be the case
if the ink was painted outside the pre-marked area which, especially in the case of screen
printing, did indeed happen. Second and more importantly, is that these values are not
indicative of the amount of catalyst transferred to the PEM during hot pressing.
4.3 Catalyst Transfer
The amount of catalyst transferred is of course the value of interest since it directly
represents the mass of catalyst the fuel has access to in the fuel cell. Several attempts
were made to estimate this:
i. The Nafion pieces were cut to size and weighed with no catalyst on them. The
ink was hot pressed onto them as described in Section 3.1.3 and the Nafion
pieces were weighed afterwards. Any increase in weight was presumed to be
due to only to catalyst being transferred onto the Nafion membrane.
ii. The mass of the electrode backing with the PTFE cloth and the final amount
of applied catalyst were measured. After being hot pressed, the contents were
removed and weighed. Any decrease in weight was presumed to be due only
to the transfer of ink from the PTFE cloth to the Nafion membrane.
Both these methods were unsuccessful for the most part. For example, the Nafion piece
used for the low catalyst painted electrode weighed 3.106g with no catalyst. After hot
pressing, a visible amount of catalyst transferred but the Nafion piece together with the
catalyst weighed 3.085g. Since the mass of the Nafion piece after hot pressing is less than
the piece before, we cannot measure precisely the mass of catalyst transferred. Although
the Nafion pieces are dehydrated when manufactured, the Nafion pieces were probably
slightly hydrated with moisture from the air and the hot press facilitated its evaporation
resulting in a slight decrease in mass after the ink was transferred.
Using method (i) described above, the same result was observed with the screen printed
electrode. However, using method (ii) yielded somewhat usable results. The mass of the
aluminum backings and PTFE cloths for both the anode and the cathode before hot
pressing was 99.527g. After hot pressing, this mass was measured to be 99.497g.
Assuming this loss of mass was due solely to catalyst transfer, this would indicate that the
mass of catalyst transferred to the membrane is 20mg. From Table 4-5 above, the
calculated mass ratio of cathode catalyst to anode catalyst on the screen printed electrode
is 0.68. Applying this ratio to the presumed amount of total catalyst transfer (20mg) gives
the anode and cathode catalyst loadings on the Nafion membrane as 2.3977 mg/cm 2 and
1.652 mg/cm2, respectively. Both these numbers are larger than our estimates of the total
catalyst applied to the PTFE cloth so it is highly unlikely that they are any indication of
the actual mass of catalyst transferred to the Naftion pieces. A possible explanation for
this anomaly is discussed in Section 4.4.
4.4 Solvent Evaporation
A brief investigation into solvent evaporation was done. A layer of catalyst ink (40%
Pt:Ru 1:1 on Vulcan XC-72) was painted onto a blank PTFE cloth and weighed to be
54mg before baking. After baking for 82 minutes, the mass of ink was found to be 7mg.
For the given mass of "wet" ink above (54mg), there should theoretically be 2.08mg of
catalyst remaining assuming complete evaporation of solvents. We can therefore
calculate that 9.1% of the solvent did not evaporate for this layer. Given that not all the
solvent evaporates, our results above that show the mass of catalyst transferred to be
greater than the initial loading of catalyst are not surprising. The hot press is not only
responsible for transferring the catalyst to the Naftion membrane but it also evaporates at
least a fraction of the remaining solvents in the ink. This is partly the reason for the large
difference in mass of the aluminum backing assembly before and after hot pressing
resulting in an incorrect estimation of catalyst loading. Because of the inability of the
above methods to measure catalyst transfer, we will have to assume that the catalyst
loading is slightly less than those values given in table 4-5. Since there was almost
certainly some variability in the percentage of catalyst transferred to the Nafion pieces
from each electrode backing, the development of a suitable method of measuring catalyst
transfer accurately is key to the assessment of fuel cell performance.
4.5 Fuel Cell Performance
This section is devoted to assessing the performance of a fuel cell operating with the
three fabricated membrane electrode assemblies. As described in the background, one of
the most common methods of evaluating fuel cell performance is by producing
polarization curves. The Figures 4-1 and 4-2 below show the polarization curves and
power density curves for the three MEAs tested.
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Figure 4-1. Polarization curves for the three MEAs tested.
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Figure 4-2. Power density curves for the three MEAs tested.
The most notable feature in these figures is the extremely low current densities produced
by the painted-low catalyst MEA compared to the other MEAs. The current densities are
so small for the low catalyst loading that the power density curve is barely visible at the
scale of the other MEAs. Figures 4-3 and 4-4 below give the performance curves for the
low catalyst MEA on a scale at which the shapes of the curves are discernable.
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Figure 4-3. Polarization curve for the painted-low catalyst MEA
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Figure 4-4. Power density curve for the painted-low catalyst MEA
The difference in current densities is approximately two orders of magnitude. This is
largely due to the different amounts of catalyst on the electrodes of each MEA. By taking
a second look at the values in the Table 4-5 and observing the performance curves above,
we see a positive correlation between the amount of catalyst and the performance of a
given cell.
Another reason for the relatively poor performance of the low catalyst cell is probably
due to fuel crossover. This occurs when unreacted methanol passes through the
membrane and is oxidized at the cathode. Consequently, the cell registers a mixed
potential and electrons flow through the electrolyte instead of through the connected
circuit and diminishes the useful current the cell can produce. Figure 4-5 below shows the
fabricated MEAs before it was tested in the fuel cell:
(a) (b) (c)
Figure 4-5. Fabricated electrodes on the MEA: (a) screen-printed, (b) painted-high catalyst
loading, (c) painted-low catalyst loading.
In Figure 4-5 (a) and (c), a fraction of the electrode's active area is exposed. When
methanol encounters the exposed area there is no catalyst with which it can react and it is
more likely to cross the membrane unreacted and cause the adverse effects described in
Section 2.3.4. Though catalyst loading is the major factor behind the shape of the
performance curves, fuel crossover losses are likely to be in effect as well.
The thickness of a single layer of each for each application method was measured using a
microscope. The thicknesses of an average screen-printed layer and an average painted
layer were measured to be 15pm and 7Rm, respectively. Although the screen-printed
layers were thicker, which would indicate larger ohmic losses [Witham, et. al., 2000], we
cannot say to what degree these losses were in effect. More control for other parameters
and a detailed analysis of the catalyst layer profiles would have to be done to make any
conclusions.
5. LESSONS LEARNED AND FUTURE WORK
While conducting research, there were a number of difficulties experienced in measuring
various parameters and controlling various processes. As such, several lessons were
learned and from these lessons, recommendations for possible future work are made in
this section. The first difficulties arose in applying ink to the pre-marked area on the
Teflon cloth in a controlled manner. There was no way of precisely measuring how much
catalyst ink was on the paintbrush and control could only be exercised in trying to paint
evenly across the pre-marked area. For the screen-printed electrode, the process was
assumed to be more controlled since theoretically each layer applied should be of equal
thickness. Although the measurements of single layers were done, the evenness of these
layers and the consistency of their thicknesses as they are piled on were not verified.
Further work should be done to analyze the profiles of the catalyst layers so that
conclusions can be drawn with regards to the effects this may have on fuel cell
performance (especially on ohmic losses). After a successful method of analyzing the
catalyst layers has been developed, further experimentation with varying the screen-
printing parameters can be done (for example, changing the mesh size and the time the
screen is left on the PTFE blanks for the ink to transfer).
As mentioned in the previous section, it was considerably hard to accurately measure the
catalyst loading on the electrodes. This involves optimizing several steps in the catalyst
application process, most of which could be improved by more accurate measurements of
masses. The laboratory scale has a resolution of one milligram and since the mass of
catalyst per unit area is on the order of milligrams, a scale with a finer resolution (<1mg)
should be used. It may also be worth measuring the percentage of catalyst transferred
from the Teflon cloth to the Nafion pieces as this may vary with method of ink
application. Since the mass of the Nafion changes when hot pressed, other means should
be explored of assessing percentage of catalyst transfer. Another path to improvement
would be to determine when the solvents are fully evaporated when baking. During these
experiments, the point of full solvent evaporation was determined visually. When the inks
were observed to be "dry", they were removed from the oven and another layer was
applied. Since the mass percentage of catalyst in the ink is known, if a more precise scale
is used the mass at which the solvents are fully evaporated can be determined. One of the
risks involved with baking the samples for too long is that the inks tend to crack
rendering them useless for hot pressing. Because of this, it may be undesirable to bake
the samples until the solvents fully evaporate. As such, a tolerance should be specified for
a minimum level of solvent evaporation while not baking the samples to the point of
cracking.
Besides painting and screen printing, there are other methods of applying catalyst to
membrane electrode assemblies for which time did not permit. Attempts were made to
paint electrodes with unsupported platinum catalyst but were unsuccessful. Figure 5-1
below shows a layer of unsupported catalyst painted on the PTFE cloth:
Figure 5-1. Unsupported platinum catalyst in solution painted on PTFE cloth.
Figure 5-1 shows the ink coagulating and as such other methods of applying unsupported
ink have been proposed. For example, Witham et. al. have shown that sputter deposition
can be used to apply unsupported platinum and results in very high catalyst utilization.
Once more strict tolerances are placed on these processes and more accurate procedures
are developed, certain ink application methods can be recommended for mass production
of membrane electrode assemblies.
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Figure A-I. Electrode backing used to hot press catalyst ink onto the Nafion membrane.
The Teflon cloth was threaded through the two slots to the left and right of the
backing. This ensured that while being hot pressed at high temperatures, the
Teflon would not bind to itself. It was also easy to remove the Teflon after hot
pressing by using a razor to cut the cloth exposed through the slots. The engraving
in the center of the backing represents the pre-marked area onto which the catalyst
was applied. The engraving was sufficiently deep so that it could be seen through
the fluorocarbon coated Teflon cloth. The through holes transferred a pattern onto
the membrane when hot pressed. A standard hole-punch was used to create holes
in the Nafion membrane where these impressions were made. Bolts used to fasten
the fuel cell could then pass through the membrane and secure it in place while
the cell is being assembled.
References
1. Appleby A.J. and Foulkes F., "A Fuel Cell Handbook", Kreiger Publishing Co.,
2 d edition, page 22, 2003.
2. Bloom H. and Cutman F. (eds), "Electrochemistry", Plenum Press, New York,
page 121, 1981.
3. Bossel, Ulf. "The Physics of the Hydrogen Economy", European Fuel Cell News,
Vol. 10, No. 2, July 2003.
4. Garcia, B.L. and J. W. Weidner, "Direct Methanol Fuel Cells", in Modern Aspects
ofElectrochemistry, in press.
5. Larmine, J. and A. Dicks, "Fuel Cell Systems Explained", Wiley, 2"d edition,
2003.
6. Newman, J. and K. E. Thomas-Alyea, "Electrochemical Systems", Wiley Inter-
Science, 3 rd edition, 2004.
7. Sohn, M., "Hybrid Fuel Cell for Mobile Devices: An Integrated Approach",
Massachusetts Institute of Technology, 2006.
8. Tsampas M.N., A. Pikos, S. Brosda, A. Katsounis, C.G. Vayenas, "The effect of
membrane thickness on the conductivity of Nafion", Electrochimica Acta, Vol.
51, pages 2743-2755, 2006.
9. Wilson, M.S. and S. Gottesfeld, "Thin film layers for polymer electrolyte fuel cell
electrodes", Journal or Applied Electrochemistry, Vol. 22, No. 1, pages 1-7,
January 2002.
10. Witham C.K., W. Chun, T.I. Valdez, S.R. Narayanan, "Performance of Methanol
Fuel Cells with Sputter-Deposited Anode Catalyst Layers", Electrochemical and
Solid-State Letters, Vol. 3, No. 11, pages 497-500, 2000.
